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Abstract: Carbohydrates are the most abundant organic
material on Earth and the structural “material of
choice” in many living systems. Nevertheless, design and
engineering of synthetic carbohydrate materials present-
ly lag behind that for protein and nucleic acids. Bottom-
up engineering of carbohydrate materials demands an
atomic-level understanding of their molecular structures
and interactions in condensed phases. Here, high-
resolution scanning tunneling microscopy (STM) is used
to visualize at submolecular resolution the three-dimen-
sional structure of cellulose oligomers assembled on
Au(1111) and the interactions that drive their assembly.
The STM imaging, supported by ab initio calculations,
reveals the orientation of all glycosidic bonds and
pyranose rings in the oligomers, as well as details of
intermolecular interactions between the oligomers. By
comparing the assembly of D- and L-oligomers, these
interactions are shown to be enantioselective, capable of
driving spontaneous enantioseparation of cellulose
chains from its unnatural enantiomer and promoting the
formation of engineered carbohydrate assemblies in the

condensed phases.
J

Introduction

FElucidating molecular structures and interactions allows us
to understand molecular properties in condensed phases.
Access to structural information at the atomic level has been
tackled by an arsenal of analytical tools ranging from
crystallography, spectroscopy, to microscopy. Among these
methods, scanning probe microscopy (SPM) has emerged as
a non-destructive imaging method capable of resolving
molecular structures at the atomic level, particularly when
functionalized tips are used.!'"” This capability has prompted
the widespread use of SPM for the characterization of
complex molecules,” 3"l quantum materials,">"! photo-
voltaic materials,"*'"7" and catalytic materials."® SPM is
thereby an attractive tool to establish structure-properties
relationships in natural biomaterials, such as complex
polysaccharides.!"*

Cellulose is the most abundant renewable biopolymer on
Earth with an enormous potential as sustainable
materials.”?" Cellulose properties are controlled by its
complex hierarchical structures®?*?*3! that display chirality
across different scales.” At the nanoscale, cellulose is a
linear polymer of D-glucose monosaccharides linked to one
another via B1,4 linkages. These polymers assemble into
fibrils that join together to form larger micron-scale
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bundles.® Structural characterization of cellulose at the
micron scale®™?" has revealed how fibril morphology and
size tune the optical, thermal, and mechanical properties of
cellulose materials.®! In contrast, structural characterization
of cellulose at the atomic level is lacking® due to the
structural heterogeneity of naturally sourced samples and
the flexibility of carbohydrate chains, making structural
analysis by ensemble averaged techniques difficult.”* Poor
understanding of carbohydrate structures and interactions at
the atomic level has prevented the development of the
carbohydrate materials field that, to date, lags behind the
burgeoning fields of protein®® and DNAP® nanomaterials
design. This is surprising because carbohydrates are the
structural “material of choice” in many living systems and
the most abundant organic material on Earth.>!

Single molecule studies of carbohydrate structures
became possible by combining the Electrospray Ion Beam
Deposition (ESIBD) technique and Scanning Tunneling
Microscopy (STM), which gave direct access to the
assembly,”**  connectivity,”  conformation,*!  and
flexibility™!! of single glycans. So far, imaging of single
carbohydrate molecules has relied on simple STM topo-
graphic imaging using non-functionalized tips that limit the
imaging resolution. The use of functionalized tips in
molecular imaging is an attractive solution to improve the
imaging resolution, permitting the visualization of single
covalent bonds in complex molecules.™* Implementing a
functionalized tip in carbohydrate imaging thereby holds
significant potential to reveal carbohydrate structures and
interactions in greater details and improve our understand-
ing of the diverse properties of carbohydrates.!'**"

Here, we use high resolution STM imaging to visualize
intermolecular interactions between cellulose oligomers. We
deposited a cellulose hexasaccharide, as a model system for
cellulose,” on an Au(111) surface held at room temper-
ature using the ESIBD technique.®*! We visualized the
three-dimensional structures and interactions of the carbo-
hydrate molecules on surface using an STM tip functional-
ized with a CO molecule. The CO-tipped imaging resolved
the orientation of the glycosidic linkages, the geometry of
the pyranose rings, as well as the position of the intra- and
intermolecular hydrogen bonds that stabilize the assembly
of multiple chains. These chiral interactions steer the self-
assembly of the carbohydrate molecules, which strikingly
result in the spontaneous enantioseparation of D- and L-
oligosaccharides in condensed phases. Our work demon-
strates the utility of single molecule imaging in unveiling key
intermolecular interactions that give rise to carbohydrate
assemblies. This knowledge could lead to a better design of
carbohydrate materials®! as well as a better understanding
of how carbohydrate surfaces participate in biological
contexts.!'”?

Results and Discussion

D-cellohexaose (D-glucose hexasaccharide linked by pl1,4
linkages) was deposited on Au(111) surface using ESIBD™¥
and imaged by STM to reveal the structure and self-
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assembly of the carbohydrate molecules on surface (Fig-
ure 1). The cellohexaose oligomers were observed as
extended chains with all the pyranose rings of the glucose
subunits oriented parallel to the surface.*”’ Two geometries
were distinguishable by their STM appearances under a
metallic tip (Figure 1a): a “Triplet” geometry, consisting of
three repeats of glucose dimer; and a “Doublet” geometry,
consisting of two repeats of glucose dimer terminated by a
glucose monomer at the extremities. Simulated STM images
based on Density Functional Theory (DFT) calculations
identify the two observed cellohexaose geometries, “Triplet”
and “Doublet”, as the two ways a ribbon-like cellohexaose
molecule can adsorb flat on a surface (Figure 1a). In each
geometry, the glycosidic bonds adopt two different orienta-
tions, i.e. either pointing down (d) or up (u) (given as red
and blue highlights in Figure la respectively). In the
Doublet geometry, the glycosidic bonds are oriented
“ududu” from the non-reducing end to the reducing end;
while in the Triplet geometry, they are oriented “dudud”.
On the surface, molecules in “Triplet” and “Doublet”
geometries were observed in equal abundance, and self-
assembled into islands with short-range order (Figure S1).

To promote cellohexaose mobility and assembly, we
annealed the surface to ~100°C. Upon annealing, the
cellohexaose molecules exclusively adopted the “Doublet”
state and assembled into molecular islands with long-range
order (Figure 1b). The exclusive adoption of the “Doublet”
state suggests that this orientation is thermodynamically
more stable compared to the “Triplet” state, as supported
by DFT calculations that show the “Doublet” state to be
more stable than the “Triplet” state (SI section S4). The
resulting self-assembled structure featured side-by-side as-
sembly of cellohexaose chains, tilted by +75° with respect to
the assembly propagation axis (Figure 1b). Detailed analysis
of the side-by-side assembly revealed that two cellohexaose
molecules form a dimer that repeats along the assembly
propagation axis (red brackets in Figure 1b).

To reveal more structural details on the cellohexaose
molecules and their assembly, we performed high-resolution
STM imaging with a CO-functionalized tip!***! (Figure 1b).
This technique exploits the enhanced imaging resolution as
a result of the complex repulsive interaction of the CO
molecule on the tip and the wunderlying molecular
structure.?*! In brief, the repulsion between the CO and the
adsorbed molecule especially in regions with high charge
density, such as covalent bonds, causes the CO to undergo a
large frustrated rotation that changes the tunneling current
significantly for a small tip motion, thereby leading to sharp
contrasts in the obtained images. The CO-tipped STM
imaging (see Methods) on cellohexaose assemblies revealed
submolecular details of individual cellohexaose chains and
their intermolecular interactions (Figure 2).

For each cellohexaose molecule, the CO-tipped imaging
revealed the three-dimensional structure of the molecule
(Figure 2a and Figure S2). The imaging, aided by computed
structures from DFT, uncovered the geometry of every
glucose subunit as well as the geometry of every glycosidic
bond in the molecule. In the non-annealed sample, the CO-
tipped imaging clearly differentiated the “Doublet” and
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D-CELLOHEXAOSE on Au(111)
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Figure 1. STM imaging of cellohexaose on Au(111) surface. (a) D-cellohexaose is a linear D-glucose hexasaccharide linked by 1,4 glycosidic bonds.
Cellohexaose was deposited on Au(111) surface and observed by STM as an extended chain that could adopt either of the two different geometries,
termed “Triplet” and “Doublet”. (b) Cellohexaose molecules self-assembled on surface with a 4 75° tilt from the assembly propagation axis
(defined as the direction to which the assembly grows). The structures were imaged by a CO-functionalized tip to reveal more structural details for
every cellohexaose molecule on surface. The molecules were observed to assemble as dimers (marked by repeating red brackets).

a HI-RES IMAGING OF CELLOHEXAOSE
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Figure 2. CO-tipped STM imaging of cellohexaose assembly on Au(111) surface. (a) CO-tipped STM images were obtained for non-annealed
sample as constant current STM images using a CO-functionalized tip at 6 K. Comparing CO-tipped STM image and DFT optimized structures
enables the clear identification of cellohexaose “Doublet” (d) and “Triplet” (t) structures on surface. CO-tipped imaging permitted the
characterization of the glycosidic bonds in Panel (b), pyranose rings in Panel (c), as well as the intermolecular interactions between cellohexaose
molecules in the ordered assemblies in Panel (d). We only show cellohexaose in its “Doublet” state in Panel (b—d) because they were the only
species found on surface after annealing.
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ENANTIOSPECIFIC INTERACTIONS OF CELLOHEXAOSE
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Figure 3. STM imaging of chiral interactions in cellohexaose assembly on Au(111) surface. Cellohexaose assembles with +75° tilt along the
assembly propagation axis for D-cellohexaose in (a), and with —75° tilt for L-cellohexaose in (b). (c) Conglomerate was observed when both D- and
L-cellohexaose were present on surface, giving domains that exclusively contain D-cellohexaose and domains that exclusively contain L-
cellohexaose due to the preferential D—D and L—L interactions. (d) The preferential D—D and L—L interactions were operative on cellohexaose with

mixed chirality, here demonstrated for L2D4.

“Triplet” states of cellohexaose (Figure 2a). By taking a
closer look at individual molecules, the CO-tipped imaging
located the glycosidic bonds and resolve them as dark and
bright lines that correspond to the glycosidic bonds that are
closer to the tip (bent away from the surface) or further
from the tip (bent toward the surface), respectively (Fig-
ure 2b). We understand these contrast to originate from the
orientation of C—H bonds neighboring the glycosidic bond,
as revealed by our simulations with the Probe Particle
ModelP*! (see Methods): when the glycosidic bond bends
toward the surface, the adjacent C—H bonds point up to give
the bright contrast; whereas when the glycosidic bond bends
away from the surface the C—H bonds point down to give
the dark contrast (Figure S2). In addition, the CO-tipped
imaging resolved the pyranose rings as bright and dim
features, which correspond to the pyranose ring oriented
with three C—H bonds pointing upwards towards the tip or
with two C—H bonds pointing upwards towards the tip,
respectively (Figure 2c). These interpretations are corrobo-
rated by simulations using Probe Particle Model®*! that
shows the C—H bonds pointing upward to be the main
contributors of the observed CO-tipped contrast. As a
result, three C—H bonds pointing up give a brighter contrast
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than two C—H bond pointing up (Figure S2). The more
varied appearance for the pyranose rings at the termini of
cellohexaose is likely due to their varied tilts on surface.”
Resolving glycosidic bonds and pyranose rings in a cellohex-
aose molecule thereby allows for both the reducing and non-
reducing ends of the molecule to be inferred. Such
information indicates that the cellohexaoses assemble in
anti-parallel fashion in the ordered assemblies found after
annealing (Figure 2d), consistent with the DFT calculations
which describe the anti-parallel cellohexaose dimer as the
thermodynamically most stable structure (Table S1).
Interestingly, the CO-tipped imaging gave contrast
between “Doublet” cellohexaose molecules, indicating the
locations of hydroxyl residues and their role in intermolecu-
lar interactions (Figure 2d), as observed previously for other
systems.®! The contrast observed between the cellohexaose
molecules in a dimer unit suggests hydrogen bonding
interactions between the C6—OH and C2-OH (labeled
06-02 in Figure 2d), whilst the contrast observed between
cellohexaose molecules in neighboring dimer units suggests
interactions between their C6—OH residues (labeled O6—06
in Figure 2d). The latter interactions result in observed
offset between adjacent dimers, leading to the 75° tilt angle
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between the molecular long axes and their propagation
direction (Figure S3). Our findings identify these highly
selective hydrogen bonding interactions as one of the
important driving forces® behind cellohexaose self-assem-
bly on surfaces.

The interactions between cellohexaose molecules un-
veiled by the CO-tipped imaging provide a clear example of
chirality transmission from the molecular (sub-nanometer)
scale to the mesoscopic (sub-micron) scale.**”! The angle of
+75° between the D-cellohexaose axis and the propagation
direction of the side-by-side assembly renders the assembly
chiral (Figure 1c). To further investigate the role of chirality
in the self-assembly process, we deposited and imaged L-
cellohexaose on Au(111). L-cellohexaose yielded side-by-
side assembly structures that propagates at —75° with
respect to the molecular chain axis, perfectly mirroring the
self-assembled structures obtained from D-cellohexaose
(Figure 3a, 3b).

To examine whether the chiral interactions in cellohex-
aose chains change when both enantiomers are present on
surface, we co-deposited a racemic mixture of D- and L-
cellohexaose molecules. Interestingly, the D- and L- cello-
hexaose molecules formed their respective chiral domains,
evidencing conglomerate formation (Figure 3c and Fig-
ure S4) similar to the previously observed dipeptide assem-
bly on surface.*”” We confirmed the homochirality of the
domains by examining the unit cell parameters of the self-
assembled structures, as well as by looking at the CO-tipped
imaging (Figure S5). When the two domains were in contact,
two types of domain boundaries were observed, formed
either by side-by-side or head-to-head interactions (Fig-
ure S5). The conglomerate formation is understood to be
due to the preferential D-glucose —D-glucose and L-glucose
—L-glucose interactions.

The highly selective D-glucose—D-glucose and L-glu-
cose—L-glucose interactions open new possibilities to
influence the final mesoscopic self-assembled carbohydrate
structures.”™ We demonstrate such a possibility by deposit-
ing and imaging a cellohexaose molecule that consists of
both D- and L-glucose subunits, L2D4 (Figure 3d). We
observed the formation of self-assembled structures com-
prising of extended chains of cellohexaose interacting side-
by-side (Figure 3d). The molecules were observed with a
slight offset that separates the oligomer into a group of four
and two glucose subunits (Figure 3d), thereby revealing the
locations of the D- and L-glucose units in the molecule.

For every L2D4-cellohexaose (Figure 3d), the L-glucose
domain of the molecule was observed to preferentially bind
to the L-glucose subunits of the neighboring molecules, and
likewise for the D-glucose domain of the molecule. The
observed structures demonstrate the enantioselective inter-
actions in cellulose assemblies on surface, which could offer
new opportunities in the design of carbohydrate materials®®!
as well as in understanding carbohydrate interactions in
biological systems.'"*) We further confirmed this observa-
tion by using CO-tipped imaging to resolve the three-
dimensional structures of L2D4-cellohexaose on surface
(Figure S6). By comparing the CO-tipped imaging of L.2D4-
cellohexaose, D-cellohexaose, and L-cellohexaose, we un-
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equivocally identified the D- and L-glucose domains in the
molecule, confirming that the preferential D—D and L-L
interactions drive the self-assembly of L2D4. This result
suggests the potential of CO-tipped imaging for analytical
purposes,”" by identifying every constituent monosaccharide
in any carbohydrate molecules that can be deposited on
surface.

Conclusion

We report the use of single molecule imaging to reveal
intermolecular interactions between carbohydrate oligom-
ers. We show that the CO-tipped STM imaging reveals the
three-dimensional structure of carbohydrate molecules on
surface, as well as the structural features driving carbohy-
drate-carbohydrate interactions at the atomic level. Examin-
ing the interactions of cellohexaose as a model for cellulose
—the most abundant biomolecule on Earth—we discovered
enantioselective interactions between D-glucose oligomers.
These interactions drive the formation of a D-cellohexaose
—L-cellohexaose conglomerate on surface, the first example
of crystallization-based separation of carbohydrates on sur-
face due to their chiral recognition. These results demon-
strate the tandem combination of ESIBD and single
molecule imaging as a valuable tool to characterize carbohy-
drate molecules and their interactions, expanding our under-
standing of the rich and complex chemistry of carbohy-
drates.
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Scanning tunneling microscopy is used
to visualize molecular structures and
interactions in a cellulose oligomer
assembly. High-resolution imaging with
CO-modified tips, supported by ab initio
calculations, reveals the orientation of
all glycosidic bonds and pyranose rings
in the oligomers and details of intermo-
lecular interactions between the oligom-
ers. Comparing the assembly of D- and
L- oligomers shows their spontaneous
enantioseparation.
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